We characterized the kinetics of postnatal equine lung using sequential thoracic radiography. The aim was to establish the earliest time when normal foals have clear, radiolucent lung fields, and to characterize the pattern of this clearance. Both right-to-left and left-to-right thoracic radiographs were acquired in lateral recumbency at peak inspiration within the first 30 min after birth and thereafter at 1, 2, 3, 4, 6, 8, 12, 24, 48, and 72 h. Radiographs were interpreted by three observers. The overall assessment of radiographic lung clearance was followed by the evaluation of individual lung quadrants to document changes in pulmonary radiographic patterns over time. We concluded that thoracic images in a healthy foal older than 4 h should be characterized by clear lungfields and that after this time distinctions between physiologic and pathologic conditions can be made. The ventral lung cleared first, presumably due to the greater flexibility of the thoracic wall in this anatomic region.
Introduction

I
MMEDIATELY AFTER BIRTH, the airways of foals are rapidly cleared of liquid to allow the onset of air breathing. This initiates a cascade of physiologic changes that enable the lung to adapt to gas exchange. Most studies about the adaptation period focus on liquid clearance because liquid retention in airways is a major cause of respiratory morbidity in newborn infants. 1 The prevalence of pulmonary disease in hospitalized neonatal foals has been reported to be approximately 50%, with a 39% survival to discharge. 2 Early recognition of respiratory abnormalities during the postnatal period is of special importance for successful management of critically ill foals. 3 In most foals, physical examination is not adequate for precise identification of the cause or severity of respiratory dysfunction, even when clinical signs are present. [4] [5] [6] [7] Clinical signs have to be interpreted in conjunction with blood gas-and acid-base analysis, radiographic findings, and other laboratory values.
Thoracic radiographs of foals made immediately after birth are characterized by a pronounced interstitial-alveolar opacity with blurring of small vessels. This opacity is the result of incomplete lung inflation, the presence of residual fluid in the small airways, and uptake of fetal alveolar fluid into the lung interstitium. 7, 8 Foals with respiratory disease may have a similar radiographic pattern, but it typically persists beyond the normal absorption time.
Pulmonary fluid production decreases over the last few days before natural delivery. 9 Only a small fraction of pulmonary fluid is cleared from the airways and alveoli as the foal traverses the birth canal. 10 After birth, pulmonary fluid moves rapidly through amiloride-sensitive Na þ channels in the epithelium to the pulmonary interstitium, where it is cleared by pulmonary lymphatics and vessels. 3, [10] [11] [12] Although aquaporin channels provide the main route for osmotically driven water transport, alveolar fluid clearance in the neonate is not affected by aquaporin deletion.
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Colloid oncotic effects and Starling forces also do not play a key role in pulmonary fluid absorption in neonatal foals. 10, 14 In healthy mature lambs, the transepithelial component of lung liquid clearance requires 2-3 h and drainage of fluid from the interstitium is complete by the 6th hour after birth. 15 As normal pulmonary fluid can complicate interpretation of thoracic radiographs of neonates with pulmonary disease, it is important to know the kinetics of fluid removal, and also the earliest time at which normal-term foals have a normal lung pattern on thoracic radiographs. The purpose of this report was to characterize those criteria.
Materials and Methods
One hundred and seventy-six radiographs of eight newborn foals of different breeds (Hungarian Halfbreds and Hungarian Draughthorses) born in the years 2003 and 2004 were assessed by three independent reviewers who were unaware of the age and status of the foals. So that foals could be radiographed shortly after birth, mares about to give birth were evaluated every 2 h using a foaling monitoring system. Ã After birth the heart rate, respiratory rate, and body temperature were measured, and auscultation over the heart and lung was performed. Arterial blood gas analysis was also performed within 15 min after birth and before each radiographic examination. Blood was collected anaerobically from the great metatarsal artery into heparinized (1000 IU/ml) plastic syringes. Blood samples were analyzed within 10 min after collection. The time after birth at which foals stood up for the first time, whether the foal was recumbent longer than 15 min on one side before radiography, and the time of first suckling were recorded. Venous blood was withdrawn from each foal within 24 h for quantification of complete blood cell count, and various serum electrolytes, glucose, protein, and various enzymes.
Right-to-left and left-to-right lateral thoracic radiographs were acquired within the first 30 min after birth and repeated thereafter at 1, 2, 3, 4, 6, 8, 12, 24, 48, and 72 h. A ceiling-mounted X-ray machinew and a computed radiography systemz were used to obtain the thoracic radiographs.
The body weight of the foals ranged from 45 to 65 kg, but all radiographs were made at 80 kVp and 5 mA at a 100 cm focus-film distance. Radiographs were made at peak inspiration with the foal in lateral recumbency with the forelimbs pulled cranially from over the lung field. After each exposure the radiograph was evaluated for adequacy of positioning, phase of respiration, and exposure so that poor-quality studies could be eliminated. Postprocessing of the images was based on a thorax algorithm. Deficient radiographs were discarded and corresponding images repeated.
To achieve an objective and comparable assessment, a scoring system was developed for radiographic evaluation. Three independent observers evaluated each radiograph and scored them individually. The general assessment of duration of clearance was followed by the evaluation of all four (craniodorsal-, cranioventral-, caudodorsal-, and caudoventral-) lung quadrants individually to characterize the pattern of clearance.
In the general assessment, the lung patterns were graded from 1 to 3. Radiographs with marked pulmonary opacity were scored as 3, radiographs with less opacity but blurring of small vessels were scored as 2, and normal appearing thoracic radiographs were scored as 1. The average score for the three observers was computed at each time point; complete fluid clearance was defined as the time as which the average reached score equaled 1.
We compared left-to-right and right-to-left radiographs at each given time point. If the score for each view was the same, the paired images were given a mark of 0 and if the score for each view was different, the paired images were given a mark of 1. To compare left vs. right lateral radiographs, a logistic mixed model using Penalized QuasiLikelihood was built. 16 The explanatory variables were the interpreter and time and the foal identifier was a random factor to take into account the correlated measurements.
Finally, a slightly different, more sensitive, scoring system was used to grade the four lung quadrants individually. The interstitial-alveolar opacity in each quadrant was graded as normal, mild, moderate, or severe and assigned grades from 0 to 3. The individual grading of the quadrants was performed up to 6 h and only on the left-to-right images.
To verify the interpretations, Kendall's coefficient of concordance (W t ) was calculated. 17 The coefficient was determined only for the evaluations in the first 4 h because thereafter all images from all foals received a score 1 from all observers. Statistical analyses were performed using R 2.8.0.
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Results
Mares had a gestation length between 329 and 340 days and uncomplicated parturition.
All foals were physically normal. Some moist crackles were heard in the first 30 min in all foals, but after this time only normal respiratory sounds were heard. A grade III, systolic, left-sided heart murmur could be heard during the first 24-48 h in two foals. One foal stood within 30 min after birth, two within the first hour, and five between 60 and 120 min. Until being able to stand, foals were usually in sternal recumbency and periods of prolonged lateral recumbency were not observed.
Arterial pH, pCO 2 , and pO 2 values improved in the first 3 h with mean pH increasing from 7.295 (SD ¼ 0.030) to 7.359 (SD ¼ 0.062), mean pCO 2 decreasing from 49.6 mmHg (SD ¼ 7.55) to 44 mmHg (SD ¼ 3.03), and mean pO 2 increasing from 77 mmHg (SD ¼ 7.55) to 95 mmHg (SD ¼ 12.98). After this initial period pH decreased slightly, pCO 2 increased slightly, and pO 2 fluctuated. No foal was eliminated because of any laboratory abnormality.
There was agreement among the interpreters both in the general evaluation (W t ¼ 0.898, Po0.001) and in the individual quadrant evaluation (W t ¼ 0.93-0.97, Po0.001). According to each interpreter, all foals had a clear lung field by the 6th hour after birth.
Although there was agreement between observers, the subjectivity of the radiographic evaluation process still has Ã Flett Street Corporation, Gaithersburg, MD.
wOptimus, tube SRO 2550, Philips Medical Systems, Hamburg, Germany.
zEasy Vision, Philips Medical Systems.
an influence on the results (Fig. 1) . One observer evaluated one foal as still having vascular blurring at 4 h while the two other radiologists thought lung clearing occurred by 3-4 h. When comparing left-to-right vs. right-to-left radiographs, scores were interpreter-dependent (P ¼ 0.002).
Clearing of the cranioventral and caudoventral lung field preceded that of the dorsal quadrants (Fig. 2) .
Discussion
In human neonates there is rapid complete lung aeration. 19, 20 Previously, it was determined that normal foals had clear lungs within 12 h of birth but the kinetics of clearance were not assessed. 21 In newborn lambs delivered at term by cesarean section, lung clearing occurred between 1 and 4 h, with the cranial aspect of the lung clearing first. 22 In rabbits, the critical role of the dynamics of lung aeration with regard to physiologic changes were clarified. 1 Transpulmonary hydrostatic pressure generated by inspiration provided the predominant driving force for residual airway fluid clearance. Also, the degree of lung aeration at each time point was variable with some lungs being well aerated at 30 s, while others were only partially aerated at 2 h. 1 Whether the pulmonary opacity seen in these neonatal foals represented fluid, atelectasis, aspirated cells, or an exudate was not determined. However, based on the normal adaptation period, we presumed the lungs were normal and that the opacity was due mainly to fetal lung fluid.
We followed the dynamics of postpartum clearance of equine pulmonary fluid from the 30th minute after birth until 72 h and concluded that clearing of the equine lung occurs within 3-6 h of birth. Foals with respiratory distress syndrome may have abnormal pulmonary radiographic opacity beyond the normal fluid clearance time.
3,7 Delayed resorption of pulmonary fluid leading to increased pulmonary radiographic opacity was observed on thoracic images of infants. 23 In equine neonates, physiologic postpartum fluid absorption seems to take longer period than in humans. The primary mechanism of lung liquid reabsorption is the change in ion transport induced by catecholamines during labor. In humans the vast bulk of this fluid leaves the lung before normal term birth. 24 Because humans have relatively prolonged labor compared with horses enabling more time for absorption, this might be the cause of the shorter radiographic lung clearance in infants. Fluid absorption time of this study was more similar to data from lambs. We did not acquire thoracic radiographs immediately after initiation of respiration, which would be of value to describe the kinetics of fluid resorption in more detail.
During the first hours after delivery, foals were in sternal recumbency. Considering the effect of gravity on fluid distribution, we suspected that fluid resorption would begin in the dorsocaudal region. To the contrary, fluid resprotion from the ventral quadrants preceded that of the dorsal quadrants (Fig. 3) . This pattern can be the result of the distribution of amiloride sensitive Na þ channels in the lung epithelium of the newborn. It is also possible that the thoracic wall is more flexible ventrally, where it expands relatively faster. Similarly in human infants, the air first fills the inferior lung fields, surrounded by the only part of the ribcage that expands. 20 In rabbits the spatial pattern of lung aeration is influenced by the motion of the diaphragm and the nonuniform way the chest wall deforms during inspiration. 1 There is no evidence for gravity-related movement of fluid, indicating that surface tension prevents significant movement of fluid between regions of the aerating lung. The air/liquid interface moves toward the distal airways during inspiration because of transpulmonary pressure. Inspiratory activity and body position influences the process. 1 In prolonged lateral recumbency, the dependent lung undergoes atelectasis. The nondependent lung is better aerated and characterized by better radiographic contrast, which is more conducive to detection of lung disease. 7 For this reason, both left-to-right and right-to-left lateral radiographs were evaluated with respect to each other at each time point. Ventrodorsal projections would provide additional information on fluid lateralization, but these projections were not obtained because of the associated stress. We found significant differences between left-to-right and right-to-left lateral radiographs but lateral recumbency of the foal before radiography did not result in more pulmonary opacity on the dependent side, likely due to the short time foals spent in continuous lateral recumbency. In recumbent anesthetized horses, the maximum radiographic opacity of the dependent lung developed within 20 min of recumbency. 25 The increased opacity often improved within minutes of standing. 7 Regardless of the effect of recumbency, there were still different scores for left-to-right vs. right-to-left radiographic images in 5.7% of all evaluations. Apart from dependent atelectasis, other reasons for this difference could be distortion resulting from small changes in position of central beam or because radiographs were obtained at slightly different phases of respiration. The effect of body position was assessed in rabbits, where the dependent region of the lung aerated more slowly than nondependent regions, leading to a nonuniform pattern of lung aeration. 1 This body position dependence is also more the result of restricted movements of the thoracic wall than of compression by mediastinal structures or to displacement of the diaphragm by abdominal contents.
In conclusion, 6 h after birth is the earliest time when normal foals reliably have clear lung fields on radiographs. Images at this time, and later, can be evaluated successfully and conclusions between physiologic and pathologic conditions drawn. Ventral lung cleared first, presumably because this region is bounded by the most flexible region of the thoracic wall. It is most likely that the free expansion of the thorax is important in lung aeration, which is more easily maintained in sternal recumbency or in a standing position.
